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The" thermal properties are presented for the exhaust
heated wing de-1ping system of .a Lockheed 12-A airplane
which-has duccessfully prevented wing-icing in 26 hours
of flying in various icing conditions. The quantities of
heat supplied for de-1cing of . the wings under various con-
ditlions were measured and are presented.. The distribution
of temperatures above the amblent alr temperature:for the
wing surface under varioue operating conditions are given.
The design and construction of the wing heating system
are descrlbed and ‘design factors relative to the weight,
malntenance, and the applicability to oexhaust heating on
other alrplanes are discussed.

-INTRODUOT IOXN

In a recent confidential report (reference 1), an in-
vestigatlion was described in which a Lockheed 12-A air- '
Plane equipped with exhaust-heated wings was flown in icing
conditions to determine the extent .of ice protection which
could be afforded by the thermal method, As noted in ref-
erenceé 1, and further substantiated in more recent flights,
the heating system employed on the test alrplane provided’
adequate protection against ice formations on the wing sur-
facea. In the prepent investigation, the gquantity of heat
employed in the ice-prevention system and the manner in
which the heat was: distributed over the wing surface were
determined. ' Information on additional-topics.which will
be of interest .to.desigiers such as added weight, corro-
slon data, thermal-expansion and structure-temperature
data, malntenance problems, effects. on performance, and
notes on the operation of the gystem,’ heve been obtained
and are reported. . , . .

The teste were mede in flight An the vicinitj of
Moffett Field, California, from the Ames Aeronautical Lab-
oratory of the National Advisory Oommittee for Aeromautics.
The observations relative to the maintenance and overhaul



of the ice prevention syetem have been made with the bene~
f1t of the experience obtained from 131 hours! flight time,
of which approximately 25 hours have been 1in -lcing condi-
tlons.

The heat-exchange system employed for the preventilon
of ice on the airplene wiug wae deslgned from data taken
from references 2, 3, and 4. Informetlon from reference 2
indicated the quantlity of heat which would be required
for ralsling the surface temperature of the wing a glven
amount, end reference 3 suggested approximately to what’
tempereture the surfece should be raised 1n dry air in
order to.de~ice the wing duvring icing conditions. BRefer-
ence 4 gives the baeis for calculating the transfer of
heat from the exhaust gas to the exhaust tuba, from the
tube ‘to the alr in ithe leading édge, from the air to the
wing skin, and from tke tube to the wing surface by radil-
ation. In the investigation reported 1n reference 5, the
valldity of the .caleulations for the design was experi-
mentally examined by model tests 1n simulated lcing con-
ditions. Preliminary to underteking the alterations to
the test alrplane, consultations were had with represen-
tatives of the Army Air Corps,.the Navy Bureau of Aeron-
nautics, air trensport companies, airplane manufacturers,
and other technical experts In order to obtaln a complete
coverage of competent opinion on the deseign.
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e EQUIPMENT

. A deecrrption of the equipment employed 1n the 1in-
veetigation was given in reference 1, but is repeated and
somewhat. expanded ir the present report. The -test .air-
plane. shown in figure 1, 1s a Lockheed 12-A commercial.
transport alrplans, equipped with two. Pratt & Whitney,
450-horesepowery Wasp Junior engines, and: 8-foot, 10-inch
diameter, comsbant-speed propellers. The wings: are heated
by the passage of all or part of the engine exhaust gas
through wing exhaust tubes ‘which are installed along the
wing leading-edge interior.- The degrese, of heating and,
to some degree, the dlstribution of the heat are controlled
from the -pilot's cockpit. The principal elementsa which
comprise the wing heating system are shown in figure 2.
Heat from the exhaust gas which flows zlong the wing tube
is transmitted to the tube wall, and thance to ‘the wing
structure a8 a result of (1) convectlion and conduction
through. the. air in the leading edge, and (2) radiation
from the tube wall. The ‘cifculation of air through the




wing interior, the path of which is shown in figure 2,is
controlled by a valve at the air inlet. A baffle plate,
extending from the wing root to tip, directe the flow of
eilr along the leading edge. TFigure 3.shows the heated
wing in séction, with the important structural components
noted. The baffle plate serves alsé as & front shear.
web,and, 4in effect, a fire.wall in the event that any leak-
agZe developes in the exhaust tube. The circulation.of
air through the wing serves other  purpoies in addition to
the heat-transfer functloh.' 'The passage of alr along. the
wing leading-edge 1is intendéd to prevent structural parts
near the *exhaust tube from being overheated, and to pre-
vent ‘the accumulation of corrosive, explosive. or polpon-
ous.gas in the wing inteérior. :

The.pilot'a controls for the wing heating system are
shown in flgure 4. The exhsust tail pipe and exhaust con-
trol valves are shown 1in figure 5. A clapper-type valve
over the normal discharge of the exhaust closes simultane-
ougly with the opening of a butterfly valve 1in the wing
heating. tube élbow. A choice of eleven positlione of thise
valve system 1s provided. V¥When the control 1s'in the.
"off" poaitlion, all of the.exhaust 1s discharged directly
to the atmosphere; and when in the "full-on" position, all
of the exhaust 1s passed through:- the wing. Surface ori-
fices and thermocouples "are provided in the exhaust tall
pipe and exhaust collector, by which pressure and tempera-
ture measurements are made. The exhaust teil plpe 1is
constructed from 0.050-inch-thick stainless steel, A
. double~ball univeresal Joint between the tell pipe  and thse

wing exhaust tube 1s employed to allow for motion duvue to
.vibration and thermal expansion., : .

:Filgure 6 shovs the oenter-section wing leading edge,
looking inboard toward the engine nrzcelle with the lesding
edge beyord the wing Joint. removed. The -inboard end of
the wing leading edge is shown in .figure 7. The wing tube
is unrestrained from spanwise movement within the wilang
except at the inboard .end ball Joint. : Chordwise.restraint
and support are provided at several rib stations along: the
span. The types of construction of the tube supporis at
rib statlions are shown 1in figures 8 and 9. The coil
springs and mounting rings. are made -of inconel; most ribs
and leading-edge skin are of aluminum, The rids in the
leading edge at the tip stations are made of inconel; the
support clips are of stainless steel, At all points .along
the wing exhaust tube where restyaint is provided, the
tube 1s reinforced to prevent abrasion at.these points




from ceusing a ruptire in the tudbe wall and subsequent gas
1eaka$e.

The discharge ‘'end of the wing exhgust tube 1ls shown
in figure 10. It will be noted from a comparison of filg-
ures 7 and 10 that the wiling exhaust tube 1s tapered from
the wing root to the wing tlp. 4t the wing root, the
tube 1es clrcular with a 5-inch diameter; and at the tip,
the tute 1s elliptlcal, the major and the minor axis belng
4,75 and- 2 inchnes, respectively. The tip end of the tube
protrudes through the wing-tip rib and is free to expand
linearly when heated. The dlscharge of exhaust gas from
the wing tube 1s into the tip shroud, shown in figure 11,
The shroud 1s constructed from inconel. The tip skin.
near the shroud and the forward shear wed to which the
shroud 1s attached are made of stainless-steel. No pro~
viglion was made for théermal expansion in the wing-tip
construction,

The parts of the exhaust tube are assexbled 4in such
a manner that each part can be removed independently of
the remaining system. Ths tall pipe and the wing tube
elbow are removable without removing the wing or the wing
leading edge, and the wing leading edge and the wing tube
are removable without disturbdiang the inboard end of the
exhaust system. Theo wing tube is removable from the
lgading-edge structure,

Drain holes are made in the- lower wing surface to
provide for the removal of water taken in with the ecircu-
leting air. The interior surface of the wing leading edge
le treated with zinc chromate primer, a corrosion-resist-
ant paint, Although it was noted in the analysis of the
heating system that the transfer of heat by radiation
would be incremsed by treating the exterior of the wing
exhaunst tube and the interior of the wing leading edge
with & black paint, no speclal treatment waes applied to
these surfaces.. Future tests wlll be made to investigate
the effect of black surfaces on the heat transfer 1ln the
wing. s

The exterior of the wing gsurface along the leading
edge was mede as smooth as possibls. It was also noted
in the analysls of the heating system that the quantity
of heat reguired for a gliven surface temperature rise
was reduced by preserving laminar flow, To this end,
flush rivets were used and skin Joints avoided over the
leading-edge surface,



The welght of the wing heating system was found to
be about 100 pounds, which is about 1.1 percent of the
alrplane welght,

The temperatures of the heated wing skin, critical
structural parts, clrculated alr, and the engine exhaust
gas were recorded by the use of thermocouples. The posi-
tlion of the thermocouples and the object of temperature
measurement are given in figure 12, The engine exhaust-
gas temperature was measured at three points in the col-
loector ring, in the tall pipe, in the entrance to wing
heating tube, and in the discharge of the exhaunst at the
wing tip. The temperature of the alrplane structure was
measured at two points in the maln wing beam, at a typicael
rib 1n the leadling edge, at two polnts in the wing baffle,
and et one point in a protective shroud near the wing-
center section joint, The circulating alr temperature was
measured at five points. The temperature of the upper and
lower wing covering was measured at 13 points, ten on the
upper and three on the lower surface. The thermopotentials
were recorded by the use of two mlllivoltmeters and a
photorecorder, Recorded simultaneously with the potentials
of the thermocounles were the altitude, alr speed, alr
temperature, and time,

A water-filled U-~tube manometer was ussd to measure
the back pressure 1n the exhaust manifold which resulted
from passing the exhaust gas through the wing duct. The
flight instruments normally used in the Lockheed 12-A ailr-
plane were employed to record observed flight arnd engine
data.

TESTS

The flights during which the heat~exchange data were
taken followed the investigation in inclement weather, the
results of which are reported in reference 1. As descrided
in reference 1, 1ce was prevented from forming on the wing
surfaces by the use of the heating system. Figure 13
demonstrates the protection afforded by the heating sys-
tem, showing the leading edge of the wing after a flight
in severe icing conditions. The small tell-tale sgtrut
mounted above the wing shovws the ice formation which re-
mained on this part after the flight,

With the knowledge that ice prevention was effective,
the heat-oxchange tests herein described were made to de-
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termine the ampunt of heat supplied to the wing surface
by .the exhgust gas under various operating conditlons,
end the. variations 1n the temperature of the wing due to
variations in englne power and alir speed, alr-fuel ratio,
air circulation through the wing, and atmospheric condi-
tions. Most of the flights were made in dry alr - that
is, air free from -clouds., The obJect in conducting the
thermal investlgatlions in dry alr is to provide data on
a proven ice-~prevention system, comparisons to which can
be made by airplane manufacturers without recourse to 1in-
clement weather tests. One flight was made in an alto-
stratus cloud durlng which icling conditions were encoun-
tered.

RESULTS AND DISCUSSION

) Thermal design,-~ The numerical data obtained in the
present investigatlon are glven 1n tables I and II, Table
I gives the pertineat flight data and the distribution of
the heat from one engine, The purpose in rresenting these
data 1s to reveal avpproxlimately the thermal values involved
in the exhaust heatlng system, The difficulty of measuring
the exhaust-gas temperature and calcvrlating the rate of

.flov 1s recognized and the possibllity of errors 1n the

order of 10 percent.is acknowledged. Table II gives the
temperatures measured in the wing heating system. Actual
temperatures are given; but in the design of a wing heat-’
ing system 1t should he noted that the difference between
the alr temperature and the heated wing temperature, which
can be computed from the table, is important. Attentlon
i1s directed to the index notes 1in tadle II which gilve the
variations 1n the heating conditlons.

.. Pigure 14 shows graphically the results of one test
whick 1s glven numericsally in tabls I, Figure 15 shows
gravhically the temperature rise over the wing surface at
three chord statlons and for three fllght conditions., .The
temperature-rise curves in filgure 15 are faired from thermo-
coumnle data in the vicinity of the wing stations shown,

.The data in figures 14 and 15 are typical test results,

The heat supplled to the wing was influenced only
slightly by changes in fuel-ailr ratio.  While the tempera-
ture of the exhaust gases.1ls greater for lean mixtures,
the transfer of heat to the wing surface was greater dur-
ing flights with rich mixtures, other factors .remaining the
same. The circulation of alr through the wing increases
the quantity of heat delivered to the wing surface but



disrupts the temperature uniformity, as will be noted
below. The heat delivered to the wing surface increases
with increase in power, and therefore normally increases
with speed. It 1s of interest to note that, with ian-
creasing speed, the loss of heat from the wilng does not
increasse as fast as does the heat supply.from the engine,
as demonstrated by the higher surface temperatures at the
highest test speeds. The full power of the engines was
never reached during the tests, although the maximum al-
lowable eruising power, of 300 horsepower, was approached
in tests 11 and 12 during which 288 horsepover was em~
ployed.

Ag a generaligation from the test resulte, it may
be stated that the temperature of the forward 20 percent
of the heated wing surface is railsed approximately 70° F
above the air-stream temperature. The temperature rise
of the wing surface between the 20-percent and 70-percent
chord points varies from about 70° F at the forward sta-
tion to less than 10° F. at and in rear of the rear sta-
tion. The temperatures along the span are highest at the
wing tip., The temperature of the leadlng-edge skin near
the air inlet (see fig. 2 ) approaches the air tempera-
tuvre when circulating air 1s admitted. Vhen the air valve
1s closed, the temperature of the leadling edge is uniform
along the span. A change in the air circulation system
18 planned whereby circulation may be provided and the
temperature along the span maintained uniform. This will
be done by taking the circulating alr 1lnto the wing at a
point on the lower surface of the wing and nearer to the
engine nacelle,

The small temperature rise along the tralling edge
resulte in temperatures slightly below freezing for this
region when air temperatures in the vicinity of 20° F are
encountered. During flighte in icing conditions,(reported
in reference 1) and at air temperatures below 20° F, thin
films of ice were observed to form at scattered points on
the wing surface near the trailing edge. These formations
have never exceeded 1/8-inch 4in thickness and are not con-
sidered serioms. . Protrusions or surface roughness of small
dimensions in the region of the trailing edge cannot pro-

d:ce a serlous effect upon either the 1ift or drag of the
wing.

The danger of ice forming on the efter portion of
the wing 14 small,because, during conditions when a large
quantity of condensed moisture is present in the air, the



alr temperature is high; and it has been observed that
even a small surface temperature rise will prevent ice
accretion, When the air temperature is low in the icing
range, the quantity of condensed molsture is small; the
"drop sizes are very small; and little water makes contact
with the wing at the leading edge, less near the tralling
edge.

The rate of ice formation and the frequency of icing
storms are greatest at -air temperatures in the vicinity
of 26° ¥; under these conditions the temperature rise re-
quired for 1ce protection is small as shown by icing
teats. Durlng one icing flight the heat control was
placed in the "off" position for a period to determine if,
when turned on again, ice could be removed. With the con-
trol in the "off" position, sufficlent gas leaked past
the exhaust valve to prevent the formation of ice, The ailr
temperature during this test was 27° ¥, The temperature
rise of the wing surface with the heat turned off was about
200 F as shown by test &, table I. It is suggested that,
when greater experlence has been obtained in the overation
of aircraft 1ln lcing conditions, the temmerature rise pos-
pible with the heating system tested will be comnsidered
greater -than necessary for protection.in ice storms within
the Unlted States region.

The temperature rise which is required for icé pro-
"tection is determined by the temperature range of lcing
.-gtorms .in which operations are anticivpated. As the air
temperature decreases the total amount of water 1in tre air,
the quantity of condensed water in the air, and the drop
size become smaller. In consideratlion of small watsr con-
tent, & calculation of the heat resulred for ice nrotec-
tion at very lovw temperatures may be made on the basis of
dry-alir heat-transfer data. It willl be noted by way of
1llustration that tests 13 and 14 (see table II), which
were made in icing conditions, gave substantially the sanme
tenmperature rise of the surface as was obteilned during dry-
alir tests. Also during an ice prevention test in moderate
icing conditions, the results of which are shown in figure
21l of reference 1, the wling surface temperatures along the
wing lemding edge were found to be over 60° F above the
.alr-stream temperature, which was at 0° P when the measure-
ments were recorded. Reference 5, table II, however, in-
dicates that- the presence of water in the atmosphere,
in large quantities such as may be found at temmeratures
in the vicinity of 32° P, alters the heat transfer coeffi-
clent by about .25 percent of the dry~air coefficient. Thus



- while the “larger -quantities of water ‘present 1in the alr
" at temperaturee near 32° F will prevent the samé temper-
ature rise as obtalned in 4ry-alr, this-is ‘unimportant
for design eonsideretione inpasmuch as the design condi-
tions will Ve the provision of '‘protection at air tem-
peratures below 00 ¥, '‘the heat for which may be calcu~-
latdd ‘on the Eeeie of dry air trenefer'coefficiente.

. ﬂhe protected wing aréa of one heated wing paqel is
approximately 100 square feet, and the total heated area
per seml span 18 200 square feet slnce both upper and
lower surfaces must be consldered. The quantity of heat
per sduare foot eupplied to the wing as obtained by divid-
ing the total values given 'in table I by 200 is found to
" vary from 664 Btu/sq f£t, hr at 118 milés per hour to 1280
Btu/eq ft, hr at '170 miles per hour, indicated air speeds.
The values of heat ‘supplied thus are found to be in close
agreement with the thermal data given in table III, ref-
erence 5. The value of 1300 Btu/eq ft, hr as given in
table II, reference 6 is probably a safe and conservative
figure to use, but it should be noted that the velocity
and scale of the airplane must be considered, as will be
discussed later. Since successful ice prevention was ob-
talned on several flights during which only a part of the
fill heating capaclty of the wing was employed, 1t is be-
lleved that future experience will demoanstrate that de-
icing 1e possible with 1000 Btu/sq ft, hr.

Btructurel considerations.- The temperatures in the
wing structure which reeult from the uss of the exhaust
heating system as shown in table II are not excessgive,
The structures on which tbermocouples at 1B, 2B, and 3B
were located were made of heat- and corrosion-resistant
steel, as it was anticipated that these would be the hot-
test strucdtural members. Since the strengtn of aluminum
alloys 18 not eeriouely affected Dby tomneraturee under
300° F, all of ,the wing structure could lLave Leen made
of aluminum with the exception of the bYaffles and eshrouds
near the nacelle end of .the exhaust tube The tempera-
ture of the exhaust tube near the tip is low {uander 400°
r). and therefore aluminum parts are not in davger of
ovarheating if a small air gap is prov1ded between all
parts and the tube. The temperature of the main bean,
rib flanges, stringers, and all other primary structural
parte d1d not exceed 150° F. ~Tha materials used for the
hegted wing structure .and the duct system is bellieved to
be eatiefaotqry for practical application. Owing to the
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need for corrosion resistance, the use of stainless stesl
will be fournd Justified at some points not baving a large
temperature rise, ' In the vicinity of the wing tip, ex-
haust gas leakage resulted in excesaslve corrosion of the
aluminum skin after 120 hours! service. The defective
plates were replaced with stainless steel. A change that
is to be made 1n the -design of ‘the tlp shrovd will elimi-
nate the gas leakage. Yor the rieln wing structure, any
materlial that is satisfactory at temperatures resulting
from exposure to a bright summer sun-will be suitadle for
a heated wing,

The double-~ball joint between the wilng tube and tail
Pipe has been found satisfactory. .The double flanged
elbow in the taill pilpe (see fig. 5) allows a 'slight ex-
bhaust gas leakage, and when first put in service, several
tolts were broken due to expansion. The gas leakage in
the reglon of the elbow was counteracted by shrouding
this section of the exhaust tube and venting the shroud to
the air stream. The breakling of bolts 1s belleved to have
been due, in part, to initisl tension, since, by not draw-
ing the flange bolts down tight, further breakage has been
avolded.

Vibrations in the semi~-elliptical tip shroud (see
fig. 11) caused a crack along the leading edge at the dis-
charge end. Three stiffeners, which appear as vanses in
the snd of the shroud, were instelled which prevented re-
occurrence of this failure.

Some gaps leakage 1into the wling leading edge at the
wing tip has also bPeen observed., A scheme for the solu-
tion of this problem has been in operation for an inguf-
ficlent time to determine whether the method is satis- -
factory. Continued attention ie belng glven sll main-
tenance problems related to the heated wing.

Performance.~ The back pressure in the exhaust col-
lector ring due to the passage of the gas through the wing’
tube was found to be insufficient to produce any measura-
ble effect on the performance of the englnes. The great-
est back pressure measured was 7*4 inches of water, as
€lven 1n table I. It meems probable that even this amount
could be reduced by permitting the exhaust to follow a
more direct path from the engine collactor. ring to the
wing tube.. S8ince the present installation was the result
of alterations to an airplane already built, the most
direct path was very difficult to obtaln, and the prasent
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st ructure was chosen as - a compromissi The inﬁtallation
. and operation of the heating system has - had no effect
upon the performsnce, control, or stability of the ailr-
plane. T PRI N R I A T R

It may be of interest:td note thaet -the*eéfficdiency of
a heated wing de~icing system should be greater qhon ap-
plied to a low-drag wing inasmuch: as‘the- -heat transfer
coefficlent decreasss with the decreased skin friction
coefficient, as dlascussed 1niréféreisce 7, and ‘consequently,
there 'is less heat loss to the outside air.

Appllcability of exhaust heating.- The series of in-
vestigations conducted by the Natlonal Advisory Committee
for Aeronautics have demonstrated that heat from the en-
gine exhaust gas can be dellivered to the alrplane wing
surface in sufficient. quantity and with sufficient uni-
formity to provide reliliable ice protecfion. "The investi-
gation has 1indicated the magnitudes of the thermal values
involved in the design of one full-scale heating system.
The provislon of wing heating in the design of an air-
Plane obviously involves some penaltiés the magnituds of
which, evaluated in relation t¢ thé protection to be ob-
tained, should determine the type of installation.

If 1t has been decided tHat an airplane 1s to operate
extengively in inclement weather and 1s-to be exposed of-
ten, and during long flights, to. icing conditions then in
consideration of the need for high aerodynamic efficiency
the coste of wing heating appear to be ‘small compared to
the protection and other advantages: which are obtaineéd.
The aerodynamic' effects of other de-icing means are re-
ported in reference 6. .

An expression containing the factors which are in-
volved in the design of the. exhaust wing heating system
has been developed by equating the power reauired in level
flight to the heat dispipation,:and is -given a& fdllows:

v oY (6 f EC.B)
AT = 1.16 R D” pL——_+ 5
: m o ( o m- a _E?P "

where S ST L e
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AT opracticable wing surface temperature rilse,
degrees T
R ratio of wing heating to thrust power
p air density, lb-sec®/ft4
Vv velocity, ft/sec

Cp profile drag coefficient of complete airplq%e

C; 1lift coefficlent = '

. .. ¥ a functlon of aspect ratio .
i J méchaniqal equivalent of neat, : t . o
ft~1bs/Btu

g acceleration of gravity, ft/sec® .

speclfic heat of air at constant pressure
Btu/1b, degrees T

The function ig v <1V0 Pm
4

2, and repressnts thoc heat transfer coefficlent: a.

) 18 deflihed in- refnrence

‘The exzpression for AT indicates taat, in general
for modern commerclal and military a*rplanes. the tempoera-
ture riseé varles as follows: .

~:(a) AT 1increases wilith velocity.
(b) AT increases with size.

The effect of aerodynemic heating 1s ezproésed'in the
function _ Y2 . which was developed from:referenée Q'and
2 chp .

1nveat1gated in reference 9. 1Increasing the velocity in-
.CTreases morTe, rapidly than the surface heat loss, and de-
creages the necd for heating because of the effect of
aerodynamic heating. - g 1
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Increasing the sise of the protected body not only
reduces the heat transfer coefficlent, but also reduces
the ratio of the number of water drops which make contact
with the wing to the number of drops in the swept alr
volume (reference 10).

In summary, the disadvantages in the application of
exhaust heating are not great. The weilght increase, based
on the experimental installation in the Lockheed 12-A air-
plane, will probabdly vary between 1/2 and 1% percent of
the total alrplane weight. The diversion of exbaust gas
from: supercharging or éJector. stacks may be avoided by
the usee of other heat sources, or a compromise made by
using only a part of the engine . exhaust gas heat for 1ice
protection, the remainder for avgmenting the thrust. The
complicatlon in maintenance and cost of maintenance will
probadbly be .less than that in other widely used ice-
protecting devices. :

Ames aAeronautical Laboratory,
National Adviesory Oommitiee for Aeronautics,
Moffett Fleld, Calif.
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KACA Table 1
TABLE I _
Engine data and caloulations of heat distribution.
THE CALCULATIONS ARE FOR ONE ENGINE
) AND ONE WING. .
s Tepee s emp.] Han, Tuel-alr[Engine | Inglne | Ixhaust gas
No.| 3Mph feet op Press.,| ratio |speed, | Bhp 1b/hr
riica ted ) in, Hg Rpm
1 113 6400 18.0 0.076 | 2000 TIE% 16
2 18, 0.076 000
o O. 2000 2 230
% U jz%. 0 4 U zz U
- * L] \J
6 L] 0. \J 185
Ol D 0,083 0
500 ° g. 1 1
5 600 190
% 500 . R 229 210
p & U ° - 190 O
0 A +08 150 288
3 2340 o0 200 2 ‘
L — 20 17.8 0,072 | 2100 | L‘I7?56“" —
[feat| Heat through Heat lost in | Heat out |[Heat to wing | Exhaust Index
No. taill pipe, nacelle, wing tip, surface, backe Noe
b b btu/hr b pressure,
1n- HZO
1 616,000 186,000 290,000 140,000 2.0
(o 6L 000 20 3,000 X L, 000 240
Bam *D %, 000 000 559,00 T.5 pJ
826,000 2,000 :_—2_2_2%.00 D k]
. 225,000 x L 000 3.0
1) 0 —— ——= - .0 5
L, 00 92,000 11,000 221,000 o0
O 600, 00 186,000 350, 5000 Hel)
B20, 00 4 000 150,000 — 212,000 Lo
691, 00 5,000 I, 000 191, 000 D0
722 , O 2,000 L, 000 256,000 TebH
zgigg 11;:600 _-600 2 --600 ;:g E
A [ 1;
s g%g.ﬁﬁﬁ 2?%.000 L0
Indices: 1. Refer to figure 1l for graphic 1lluatration.

2.
3
4.
Se

Refer to figure 15 (a) for wing surface temperature rise,
Refer to figure 15 (b) for wing surface temperature rise.
Refer to figure 15 (c) for wing surface temperature rise.
Exhaust discharged through normal port, none through wing.
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TABLE IIX.

{(The test nmumbers correspond to those used in table I.)

Temperatures observed in wing heating system.

Table 2

2131k}l s]|6|7]8]9|w|nn|]izjy
118 1651 165] 140] 13| 130§ 123] 355§ 253 170] 170] 150 :125,1
location: Témperqtures, °F
Exhaust gas: #np * ’
— TA —= [1Lb711 (T27 31125 | 1300 (1360 1021 |1 1210 11085 |1 127
2h 1572|1508 | 132511375 | 1560|1210 [1L11 [136] |11 b
1 Bg 5:53 :.3';: szg 111195 ‘{ga .Zg .ﬁz.;{g? 1 %3'"51’ 7
116211 1l 0]l 4 112611 1 (1 L
011 oﬁ‘:.‘i‘ﬁ":. 1005] 66 0]1036 [112 '§§E‘ 995 ..1‘5_3_ I [
A WEARSH 5851 %601 6601 7611 76l] 664 6151 = | 7761 7
[pptre: BT 0 195 226 [ (1]
- 182 247 208 1951 1 2 2 — -
2B _ 18L | 21%] 250 2 09| 201] 2 2 #—% -
T 120 “JI':LJ, 258“'29'3' 2 1%5 =
11T B2 80] 155 126 I T I0%1 110 Ti8 — s):S
4] B0 8L 115] 118 T06| J10] 156 108] T08] -= | IIT
o] 1911 178 75 b1 76 B - -2 IR
Circulating
air:
106] 150 213] 306 126] 92| 150 15871 JhO1 1 451 1oh] 79[ 166
2C -~ | 236] 287] 26B] 251 116 E‘gli [ 2BL 98] 2 22T 260 T 200
3C 268 -= | 17041 2781 11,01 128 -= | 155 2951 266 L1b] 289 ] 302| --
uc 70 Th! 96] 7 61 %’ 20 3 i3] 591 53] 51
_.'Eic—_f_ 0l 72l 771 6 69 o] 69 56] o1 BHol Ho| 62| b9
Vi & surface:
2D J0X] IO7T IB0] 99| 371 & BY| Y02 96| Bo| 621 ool BI| 90
2D 06| I0I] 97| I12| 110] 60] 1oL Yo7l I1%3] 991 111]| 1161 1011 106
5D II| - | II5] 116] 80| b3 = B3 TI51 9L -- | 4123 —
% B7]_B2] o6l —— | -- | L8] I3 69| B9l Bo 1021 7L 173
00 B2| oLl TI19| I16| 60| 98] 6Ol 1181 107 L [ 123 92
5D 52 b1 B9 69 6 sl B0 6L 5ol 60| ==
-—%D: Loy B 1% 510l 1L #7 01 1 pyey 2% "
D 3 I o) I 3 72 W & C1IAN —— | &8l ¢
9D 791 66 65 8 88 1 7 T2 891 70l 79 == 79 7
10D 165] 155] 194] 127! 135] B2 170[ 140] 229} 321] -- {157 79
TI5Y o 70 (o0 I “Bo % — g i)
12D! 6] SOl LT 501 S8 Lol LB SH{ 531 L7l LBT - n
1Dt 53] b7l L3 67] 66 61 570 581 67] 581 62 -~ | 56
Temperature
L.of ain: Lol Ll L2} 43 S1| 4ol Lol hal 43l k2 h2] Wl o ahi 20
Index rmmber .
22|t 1l k|5 5|16 6

Indices: 1.
2e
Je
L.
Se
6,

Normal fuel-alr ratlo, heat and circulating air 'full-on',

Normal fuel-air ratlo, heat tfull-on', circulating air off,

Wing heat off.

Lean fuel-air ratio, heat and circulating air 'full-ont',

Rich fuel-air ratio, heat and circulating air 'full-ont.

Lean fuel~-alr ratio, heat and circulating air tfull-on’',
in icing conditions.
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Figure 1,- The Ice'Research airplane., A Lockheed 12A commercial tran
altered to provide exhaust heating for the wings.
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NACA Fig. 2
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Tigure 8.~ Ixhaust heated wing showing the exhaust tube in the wing lead-
:ng o:;o and the path of the circulated air through the wing
aterior,



Figure 3.~ Section view along a rib of the exhaust heated wing showing the internsl structure of
"~ the wing end heating system.
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Figure 4.- A view looking downward in the pilots' cockpit showing the
heeting controls. The control handle marked No.l is used to

vary the quantity of the engines' exhaust passed through the wings, and

the handle No.2 varies the quantity of air circulated through the wing

interior.
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Figure 5.- The exhaust tail pipe and exhauet valve system of the iefi
engine, As the butterfly velve in the elbow opens, the
clapper valve over the normal exhaust port closes,




NACA Pigs. 6,7

Figuré 6.- A view of the wing section at the leading edge and joint
between the main wing and center-section. The end of the
exhaust tail pipe, to which is attached the wing exhaust tube, is shown,
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Figure 7.- Heated leading edge of wing showing the inboard end
of the wing exhaust tube.



NACA ' : Figs. 8,9
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Figure 8.- An interior view of the wing leading edge, the exhaust tube
removed, showing the coil spring type of support used at
most wing staticns where restraint was provided,

Figure 9.~ An interior view of the tip end of the wing leading edge,

the exhaust tube removed, showing the clip type support
for the tube employed at the.tip rib stations where restraint was
provided. s ' '



NACA . ' Figs. 10,11
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Figure 10.- The heated wing at the tip station showing the discharge end
of the exhaust tube. The tube expands through the wing rib
when heated.

Figure 1l.- Exhaust heated wing tip. The exhaust gas is discharged from
the wing tube into the leading edge shroud from which it
passes to the atmosphere through the opening shown,



NACA Fig. 12
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Figure 12.- Thermocouples for measuring the temperature of exhaust
gas, structural members, circulating air, and the metal

skin of the heated wing.



Figure 13.~ The leading edge of the test air-
plane after & flight in icing con-
ditions. Ice was prevented on the
wing surfaece by the use of exhaust
heating., The ice on the tell-tale
strut mounted above the wing indi-
cates the type of ice which would
have formed on the wing had not
protection been provided.
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Fig.14

419,000 Btu/hr, exhaust gas
heat at wing tip discharge

E =31

254,000 Btuhr,
heat applied to
ice prevention

673,000 B+u/hr, exhaust
gas heat entering wing

C

[

792,000 Btu/hr, engine
exhaust heat in
collector ring

118,000 Btu  hr exhaust heat
/ost before extraust gas enters
wing duct

Figure 1. The heat distribution of the wing heating system. The figure
11lustrates the distribution for the case in which all of the exhaust gas
is discherged at the wing tip. Sece table 1, test No. 13.
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Data (é ) (b): (c)

Air speed, mph /165 /65 150
< Fuel-air ratio a.078 0.079 0.072
- Circulating air - orr on Or
Atmosphere No clouds  Noclouds  Icin

Altitude, ft 6900 7000 1279

Air temperatfure,*F 12 13 24

Test ro. : 3 4 13

Flgure 15. The temperature rise above air stream temperature of the heated
wing surface, showing the results of three typical flight conditions.
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